plausibly by the release of the more reactive reduced saframycin A. This suggests that saframycin R may be regarded as a less toxic pro-drug for the active forms of saframycins A or S.
The chemical structure and conformation of the new antitumor antibiotic saframycin R have been determined by high field 1H and 13C NMR as well as FAB mass spectrometry. Unlike other members of the saframycin family, saframycin R contains a reduced quinone ring bearing a glycolic ester moiety. Saframycin R exhibits acid promoted equilibrium and reversible covalent binding to DNA templates and, in the presence of a reducing agent, oxygen dependent single strand scission of supercoiled DNA.
The extent of DNA scission is enhanced by in situ porcine carboxyl esterase or base catalyzed cleavage of the glycolic ester function plausibly by the release of the more reactive reduced saframycin A. This suggests that saframycin R may be regarded as a less toxic pro-drug for the active forms of saframycins A or S.
The saframycin antibiotics which are isolated from the streptothricin-producing strain of Strepto- We report a determination of the structure of saframycin R and its conformation by high field 1H
and 13C techniques and an examination of its reactivity towards DNA, (which several lines of evidence indicate is a principal cell target for saframycins4,5)) as it relates to the mechanism of antitumor action of the saframycins. We also report the action of saframycin R on DNA templates in the presence and in the absence of porcine liver carboxyl esterase or comparable hydrolytic conditions which cleaves the unique glycolic ester linkage in the antibiotic and indicates saframycin R may possess a unique prodrug character among the saframycins.
Materials and Methods
Saframycin R was obtained from a culture of Streptomyces lavendulae No. 314 as described previously6) and was purified by column chromatography on Florisil with elution by ethyl acetate -petroleum ether (bp 30~60°C) (2: 1) immediately before use. Ethidium bromide was obtained from Sigma Chemical Co.
PM2 covalently closed circular (ccc) DNA (92% ccc) was prepared as described previously.') Calf thymus DNA was a product of Worthington while J. DNA was purchased from Miles Biochemicals.
Porcine liver carboxyl esterase (EC 3.1. The spectra were measured in appropriate deuterated solvents at ambient temperatures (298K). The deuterium resonance of the solvent was used for the lock signal. The homonuclear decoupling experiments were also performed in the pulse mode. The 1H chemical shifts and coupling constants were calculated to first order at 400 MHz and are reported with an accuracy of ±0.01 ppm and ±0.20 Hz respectively.
The 1'C and spin-echo experiments'," were carried out on the Bruker WH200 spectrometer at 50 MHz while the broad-band and continuous wave 1H decoupled spectra were obtained using both WH 200 and WH400 instruments at 50 MHz and 100 MHz respectively. Acetone was used as 11C reference at 5 29.8 and 6 206.0. The relaxation times T, were measured using a micro-programme which places a variable delay (0.01 -10 seconds) prior to acquisition so that T, is indicated when a signal is of zero intensity at the mid-point of negative to positive signal inversion for the particular delay time used. The values thus obtained were employed in the nuclear Overhauser effect (nOe) experiments" in which the delay must be at least five times the longest T, involved. arch Model 9300-9301 polarographic cell employed in a three electrode configuration as described previously.',",") The temperature was 37.5°C throughout and all potentials were measured with respect to the aqueous SCE but are reported with respect to the hydrogen electrode at pH 7. The drop time in the polarographic runs was 2 seconds, all solutions were deaerated with purified nitrogen for at least 10 minutes prior to study. Cyclic voltammetry was done using the PAR Model 173-175-176 configuration. The resulting curves were recorded on an X-Y recorder or photographed on an oscilloscope as required by the scan rate, v, which was varied from 20 mV/second to 500 mV/second. by cell protection enzymes and free radical scavengers has been described .7,14,11) Ethidium bromide binds intercalatively to negatively supercoiled DNA and in consequence experiences an enhancement of fluorescence intensity which is recorded. The conversion of PM2-ccc-DNA to nicked or open-circular (oc) DNA results in the release of topological constraint s allowing more ethidium to intercalate and consequently a characteristic 30% increase in fluorescence is observed in the pH 11.8 ethidium assay solution (see below). After heat denaturation (96°C, 4 minutes) and cooling to 22°C since the strands are now separable a loss of fluorescence is observed in contrast to that of the control ccc-DNA which returns to duplex register. Therefore at any given time the loss of fluorescence after the heating and cooling cycles compared to that of the control is proportional to the percentage of DNA experiencing singlestrand scission.14,15) The reactions were carried out in a total volume of 100 µl at 37°C in deionized water and the reaction mixture contained 1.27 OD units/ml of PM2-ccc-DNA (92 % ccc) 50 mm potassium phosphate buffer, appropriate concentrations of saframycin R, and sodium borohydride with or without porcine liver carboxyl esterase. The individual reaction conditions are given in the legends to the figures. At intervals 10 Id aliquots were withdrawn and added to 2 ml of assay solution described above. The fluorescence was measured using a blank without added sample. The solution was then heat denatured at 96°C on a Temp-Blok for 4 minutes and cooled rapidly in an ice-bath and then in a thermostatted water bath at 22°C for 5 minutes, and the fluorescence read again. In a control experiment it was shown that none of the components interfered with the ethidium fluorescence.
Results and Discussion
Mass Spectra
The electron impact mass spectrum showed a molecular ion at m/z 622 corresponding to the mole- Broad-band 1H decoupled 13C NMR spectral determinations were used for confirmatory purposes in those cases where the signal to noise ratio proved unsuitable for spin-echo studies. It may be seen from Table   2 that the assignments of multiplicities of individual carbons in this way are in accord with the ascribed structure. The group of lowest field 13C signals were ascribable to carbonyl carbons viz the o 171.7 was due to the glycolic ester carbonyl,'0> those at o 196.8 and o 161.4 were assigned to the COCO amide dione side-chain with the higher field CO probably that adjacent to the terminal CH3.:°j Only two quinone carbonyls appear in the spectrum at o 182.1 and o 186.5 which are attributed to the C,, and C18 carbonyls respectively" on the basis that since C,3 is adjacent to a C-OCH, and C,, is adjacent to C-CH, in the ring then C19 is assigned the lower field position of 186.5 ppm and C,, to 182.1 ppm. This suggests that it is the (C C1,) ring which is in the 14 to the hydroquinone ring. The N-CH3 resonance at o 2.28 in saframycin R is closely similar to that at o 2.24 in saframycin A15) indicating that, like protons H-9, H-10 and H-11 it is in a similar environment i.e. adjacent to a quinone moiety in ring C,,-C_0. Confirmation of the N-CH3 assignment is provided by its selective shift to 0 2.88 resulting from protonation by CF3000H in CDC13
( Table 1 ). The comparable shift in the N-CH3 signal in saframycin A in the presence of CF3000H is to 0 2.84. Protons H-8, H-9, H-10 and H-11 in saframycin R experience downfield shifts of 0.6-.0.8 ppm upon addition of CF,COOH indicating proximity to the site of protonation of N-CH3 in contrast to the other methine and methylene protons in the molecule that experience an average shift of 0.4 ppm.
There are two possible orientations of the glycolic ester substituents in the C; C10 hydroquinone ring.
The observation that the average conformation of the amide-dione side chain is closely similar in saframycin R and in saframycin A") argues against any steric effects due to a large group at C, favoring and 37°C in 2.5 hours (Fig. 3) . This may be due to a slow hydrolysis of the ester moiety to generate reduced saframycin A.
In the presence of 2.6 mm sodium borohydride (which itself has no effect on DNA") the extent of DNA cleavage is increased to 50°0 Time (minutes) under identical conditions in 2.5 hours. Under these conditions the redox reaction of the second (C1;-C15) quinone moiety may be involved in the reaction. The rate and extent of DNA cleavage is considerably lower than for saframycins A and C (85 % and 90 % respectively)) under closely similar conditions suggesting that the ester moiety in saframycin R is still substantially intact. scission is increased to 45% (Fig. 4) . The same quantity of esterase alone or with 44 /cM saframycin R nicks DNA by <6 % in 3 hours under similar conditions. Control experiments on saframycin R with ammonium sulfate and sodium borate at comparable concentrations show that this increase in scission may be partially due to base-catalyzed hydrolysis of the ester moiety of saframycin R due to the NH, Reactions were performed at 37-C in 50 mnt potassium phosphate butter, pH 2i.U and contained 1.27 OD units/ml of PM2-ccc-DNA (92 ccc), 44 p[M saframycin R in 10% acetonitrile.
The before heat-denaturation fluorescence readings are shown as open symbols, and the closed symbols are fluorescence readings after heat denaturation of the DNA at 90°C for 4 minutes followed by rapid cooling to 22C.
Some before heat fluorescence readings have been omitted for the sake of clarity. Additional components were: (-) 17 units of esterase alone or 17 units of esterase and 44 p o saframycin R; (G) 2.6 mm sodium borohydride; O 17 units of esterase and 2.6 mnt sodium borohydride; (C) 0.32 M ammonium sulfate, 1 mM sodium borate and 2.6 mm sodium borohydride; (~-) 0.32 M ammonium sulfate and I mm sodium borate. Thus 44 ppM saframycin R and 2.6 mm sodium borohydride in the presence of 0.32 M ammonium sulfate and 1 mm sodium borate nicks PM2-ccc-DNA by 42 % in 3 hours at 37°C and pH 8.0 whereas in the absence of the reducing agent the extent of scission is only -10%.
Effect of Pre-incubation of Saframycin R with Porcine Liver Carboxyl Esterase Treatment of PM2-ccc-DNA with saframycin Rat 37°C, pH 8.0, pre-incubated with the esterase for 2 hours at 37°C and pH 8.0 increases the scission to 60 % from 45 % (for the unincubated sample) in the presence of sodium borohydride (Fig. 5) . Under comparable conditions saframycin R, esterase, saframycin R and sodium borohydride, and saframycin R and esterase cleave PM2-ccc-DNA by 10 %, 2 %, 23 % and 14 % respectively. A control experiment in the presence of ammonium sulfate and sodium borate under comparable conditions gave 19.5 % scission. This again may indicate a contribution due to hydrolysis of the ester group in saframycin R to reduced saframycin A by ammonia or other bases present in the buffer.
Conclusions
The spectroscopic and physical evidence are in accord with a structure for saframycin R in which the 
